ABSTRACT. Using macrophage scavenger receptor-A knockout (SRKO) mice, we examined the role of macrophage class A scavenger receptors (MRS-A) on the immune response and acquisition of host resistance against repeated infestation with Haemaphysalis longicornis. Except for one batch of nymphs that infested one of the SRKO (SR-/-) mice and showed no appreciable reduction in body weight, all the other groups of nymphs manifested significant decrease in body weight. Both SR-/-and wild type (SR+/+) mice showed a sustained increase in anti-tick antibody titers, but SR+/+ mice showed significantly higher titers. The IFN-γ assayed in SR-/-mouse immune sera was substantially less compared with that in SR+/+ mice. Immune sera from SR-/-and SR+/+ mice recognized the 51 and 44 kDa, and 44 kDa proteins, respectively, of the salivary gland antigen. The difference in the level of anti-tick resistance manifested by both groups of mice may be influenced by less efficient trapping and processing of tick antigens by macrophages in mice lacking for the macrophage scavenger receptors, and consequently affected the cascade of Th1 and Th2 responses. We have thus obtained valuable data that strongly infer the role of MSR-A in enhancing host defense against repeated infestation with H. longicornis. KEY WORDS: anti-tick immunity, Haemaphysalis longicornis, macrophage scavenger receptor (MSR).
Ticks, an economically important group of arthropods, are the vectors of several disease-causing microorganisms and stimulate host immunity with their salivary secretions in the course of feeding [1] . Tick infestation stimulates both regulatory and effector pathways of the host immune response involving antigen presenting cells (APCs), T and B lymphocytes, complement, cytokines, and other biological response modifiers, with some hosts acquiring immunologically-mediated resistance [3, 19, 20] . Manifestations of host anti-tick immunity include reduction in the number and body weight of ticks that engorge and prolongation of feeding time, difficulty in moulting, reduced fecundity and death. In Dermacentor andersoni-resistant guinea pigs, dendritic epidermal Langerhans cells (LC) as APCs have been demonstrated [1, 12] . Interestingly, Allen et al. [1] reported that dendritic cells morphologically similar to LC found in the medulla and cortex of the parotid lymph nodes of guinea pigs during tick infestation, and implied that these antigen-retaining dendritic cells could actually be macrophages. In addition to LC, granulocytes and mast cells are also implicated to play a role in the acquisition of murine host anti-tick immunity [1, 11, [13] [14] [15] . Many aspects of the regulation of host immune responses against tick infestation are still not well understood.
Macrophage scavenger receptors (MSR) bind to a wide range of ligands including bacterial pathogens [4] and play an important role in macrophage adhesion in vitro [6, 18] . Interestingly, Suzuki et al. [18] reported that mice deficient in MSR-A gene which is essential in the formation of functional trimeric receptors, manifest increased susceptibility to infectious agents. They then suggested that MSR-A is likely to play a role in host defense mechanism against pathogens. In the present study we compared the MSR-A-deficient mice with wild type ones, which were exposed to repeated tick infestations, in such anti-tick immune phenomena as the antibody production levels, synthesis of the cytokine interferon gamma (IFN-γ), and other behavioural/physiological manifestations (body weight, feeding time, moulting rate) of the tick H. longicornis, that in the major vector of bovine theileriosis and babesiosis in Japan [ 9 ] .
MATERIALS AND METHODS
Mice: Female mice deficient in macrophage type-I and type-II class A scavenger receptors were obtained from Fuji Gotemba Research Laboratories, Chugai Pharmaceutical Co., Shizuoka, Japan. These mice were generated by disruption of the exon 4 of the MSR-A gene which is essential in the formation of functional trimeric receptors [18] . Ticks were fed on 3 mice each of SR -/-or SRKO (deficient in MSR-A gene), and SR +/+ or wild type (with MSR-A gene), 13-to-20 weeks of age. The few mice used was due to its prohibitive cost and limited availability for research. Throughout the experiment, mice were kept in a conventional animal house provided with an automated clean airfilter device, and were provided with food pellets and sterilized water, ad-libitum.
Ticks: The parthenogenetic Okayama strain of H. longicornis [8] ticks were maintained in the incubator at 15°C. Experimental ticks were kept at 25°C and 100% relative humidity in continuous darkness.
Mouse infestation with ticks and sera collection: A batch of 20 nymphs were kept within a plastic capsule glued to the back of each mouse and allowed to fed at room temperature, during three infestations repeated at 14 days interval [15] . Each nymph was weighed prior to each infestation, and immediately after it engorged and dropped from the host. Dropped nymphs were checked everyday. The same procedure was repeated in all the 3 feeding stages. Tick feeding time and moulting rate in both SRKO and wild type mice were also monitored. Blood samples for sera were obtained from the mouse at the tail before and immediately after each infestation, when all the ticks dropped, and the sera were stored at -80°C prior to use.
Tick antigen preparation: Antigen was obtained from the salivary glands (SG) of semi-engorged female H. longicornis ticks that fed on rabbits for 4 days [8] . Owing to the difficulty of obtaining SG from nymphs because of their small size and the similarities in nymphal and adult antigenic component [9] , adult ticks were used. Ticks were washed in tap water, then in 70% ethanol and finally in distilled water. The SG were rinsed thoroughly in sterile phosphate buffered saline (PBS), pH 7.4, homogenized in 1.5 ml PBS, sonicated on ice and centrifuged at 15,000 g for 20 min at 4°C. Protein concentration in the supernatant was determined by the microtiter plate biotinchoninic acid protein assay (Pierce, Rockford, IL), using bovine serum albumin as the standard [17] . Antigen samples were diluted in PBS to a final concentration of 1 mg/ml and stored at -80°C until used in later serological tests.
Analysis of antibody titer against salivary gland antigen: ELISA was performed following the procedure of Shimizu et al. [16] with minor modifications. Salivary gland antigen (SGA) was two-fold serially diluted from 1:10 to 1:10,240 in 0.05 M carbonate buffer (pH 9.6). In each dilution, 50 µl was pipetted into separate 98-well polystyrene microplates and incubated overnight at 4°C for the antigen to adhere. The plates were washed once with PBS + 0.05% Tween-20, and 100 µl of the blocking solution containing 3% skim milk in PBS was added, and then incubated for one hr at 37°C. After 6 washes with PBS, 50 µl of the two-fold serially diluted goat anti-mouse IgG conjugated with horseradish peroxidase was added to each well, and incubated for another one hr at 37°C. In each well, 100 µl of the substrate ABTS (2,2'-azide-bis-(3-ethylbenzthiazoline-6-sulfonic acid) dissolved in citrate buffer solution was added and kept in total darkness to complete the reaction. The O.D. at 415 nm was read with an ELISA plate reader.
IFN-γ assay:
As several reports pointed out the important role of IFN-γ in host cellular-mediated immunity against pathogens including ticks [3, 5, 7, 11, 19] , IFN-γ production was assayed in immune sera of SR+/+ and SR-/-mice obtained immediately after the 3rd infestation of ticks. As the control, sera from naive or tick-unexposed SR+/+ and SR-/-mice were used. Mouse IFN-γ pre-coated strip wells (Endogen Inc., Japan) were used following the manufacturer's instructions and assay procedure. Color development was assessed at 450 nm on a plate reader.
SDS-PAGE and immunoblotting: Tick SGA was solubilised in buffer containing sodium dodecyl sulphate (SDS) and 2-mercaptoethanol. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 10% polyacrylamide gel, and the sample proteins were electrophoretically transferred onto polyvenylidine difluoride membranes for 60 min at 14V using a semi-dry transfer cell. The membrane was cut into strips and non-specific sites were blocked with 3% skim milk in PBS, and incubated overnight at 4°C. Membranes were washed 3 times with 0.5% skim milk in PBS containing 0.05% Tween-20 and incubated for one hr in serum samples diluted 10-fold in 3.5% skim milk. Immunoblotting was carried out with sera collected from SR+/+ and SR-/-mice during the pre-and post-3rd infestations. After 3 washes in PBS, purified goat anti-mouse IgG peroxidase conjugate was added to the membranes which were incubated for one hr at 37°C. To visualize the reactive proteins after 3 washes in PBS, membrane strips were treated with freshly prepared substrate solution containing 
receptors (MSR-A) (SR-/-), and with MSR-A (SR+/+).
Infestation was repeated 3 times, at 14 days interval. Per mouse, a pool of 20 nymphs kept in a plastic capsule glued to its back were allowed to feed at room temperature. Each nymph was weighed before and after engorgement. Nymphs were checked everyday. Reduction in mean body weight in both mouse groups was found statistically significant (p<0.05).
5.3 mM of 3,3'-diaminobenzidine tetrahydrochloride (DAB), and 0.01% (vol/vol) hydrogen peroxide in PBS.
The Student t-test (significance level: p<0.01 and p< 0.05) was used in the analysis of differences between mean values.
RESULTS
Nymphs that fed on SR+/+ mice exhibited significant body weight gain during the 1st infestation, followed by a significant reduction (p<0.05) in body weight during the 2nd feeding (Fig. 1) . Nymphs that fed on 2 of the 3 SR-/-mice had substantial and sustained body weight reduction, whereas those which infested the other SR-/-mouse showed no appreciable decrease in body weight throughout all feeding periods. This difference in host immune response may be attributed to genetic differences between individual SR-/-mice. The difference in feeding time and moulting rates between ticks that fed on SR+/+ and SR-/-mice and between the 3 infestation periods was insignificant (data not shown).
Anti-SGA antibodies (Ab) were detected in immune sera of SR+/+ and SR-/-mice (Fig. 2) . Although a sustained increase in anti-tick Ab titers was observed in both groups of mice, the Ab titers were significantly higher in SR+/+ mice and the increase was substantial particularly after the 2nd and 3rd tick feeding period (p<0.01). After the post-3rd infestation, the IFN-γ levels assayed in sera of SR-/-and naive mice were significantly less (p<0.01) compared with those in SR+/+ mice (Fig. 3) .
The SGA sample showed several bands with molecular weights of 20-94 kilodaltons (kDa) (Fig. 4a) . Immunoblot assay revealed that SR-/-mouse immune sera recognized two protein bands with molecular weights of 51 and 44 kDa, respectively, while immune sera from SR+/+ mice reacted only to the 44 kDa protein (Fig. 4b) . Pre-infestation sera from both SR+/+ and SR-/-mice did not recognize any of these proteins.
DISCUSSION
The findings obtained in this study coincide with those of earlier studies on tick-infested guinea pigs, rabbits and other laboratory animals [1, 3, 5, 8, 10, 19, 20] in respect of the reduction in nymphal body weight, sustained increase in Ab titer, and the detection of high levels of IFN-γ among infested SR+/+ mice. The present data showing no significant difference between each mouse group in the length of feeding period and molting rate of ticks are consistent with the earlier findings in IFN-γ knockout mice infested with H. longicornis [2] . Although mice deficient in MSR-A effected substantial reduction in tick body weight, they substantially produced the lower anti-tick Ab titers and negligible levels of IFN-γ, compared with SR+/+ mice. Considering the pivotal role of the interaction of APCs including macrophages, and T cells in determining the effectiveness of the immune response to pathogens [7] , the low level of anti-tick immunity exhibited by the SRKO mice could be interpreted as the less efficient trapping and processing of H. longicornis antigens by macrophages lacking the scavenger receptors. In a related study, the lowered susceptibility of MSR-A deficient mice to infectious agents has likewise been attributed to a defect in the uptake and killing of bacteria by macrophages [17] . In the presence of intracellular pathogens, IFN-γ production enhances the antigenpresenting capabilities of murine dendritic cells and macrophages, and subsequent killing of the pathogen [7] . The higher production level of IFN-γ in tick-infested SR+/+ mice than in SRKO ones could be crucial in activation of macrophage and in the enhanced the orchestration of immunologically-mediated resistance against tick infestation primarily due to the elicitation of a cascade of Th1 and Th2 responses [2, 3, 5, 7, 12, 19] . SDS-PAGE analysis of SGA showed protein bands similar to the 23-90 kDa SGA polypeptides of female Amblyomma americanus [10] . Interestingly, the salivary gland of A. americanus, Dermacentor variabilis and Ixodes dammini contains a 45 kDa polypeptide similar to the 44 kDa protein recognized by immune sera of both SR+/+ and SR-/-mice. It is highly probable that the 44-45 kDa protein represents common or shared antigens and, as earlier proposed [10] , constituted immunogenic component conserved in the saliva of different genera of ixodid ticks.
Although the present findings imply the role of MSR-A in enhancing murine anti-tick immunity, additional studies are necessary to further elucidate the mechanism(s) influencing tick-weight reduction in the wild type and SR-/-mice, and the localization and determination of the immunological role(s) of the SGA and APCs and the other facets of host immunity and resistance against H. longicornis.
